A range of new 7-phenyl-2H, 5H-pyrano[4,3-b]pyran-5-ones and related tricyclic heterocycles was prepared in a single step by means of a domino Knoevenagel condensation/6π-electron electrocyclization under different reaction conditions, including thermal and microwave conditions. The influence of several ionic liquids as solvents was also studied.
Introduction
Microwave-assisted syntheses are a particularly attractive alternative to syntheses under thermal conditions since they often proceed much faster and deliver products with higher yields and higher purity [1] . Upon conventional heating using an external heat source like an oil bath or an electric heater the energy transfer depends on the thermal conductivity of the sample to be penetrated, which is relatively slow and inefficient. In contrast, the energy of the microwaves is directly transferred to the molecules of the reaction mixture via dielectric heating. The heating is largely caused by dipolar polarization and ionic conduction. Due to the transparency of the reaction vials normally used for microwave-assisted syntheses an inverted temperature gradient is established. Wall effects are minimized, and the reaction mixture is heated from inside. In addition to the purely thermal/kinetic effects and the "specific microwave effects" a number of scientists involved in microwave technology also consider "nonthermal microwave effects" which are supposedly based on a direct interaction between the electric field and specific molecules of the reaction mixture. It has been proposed that the electric field induces orientation effects of polar molecules/intermediates which affect the preexponential factor A or the activation energy (entropy 0932-0776 / 09 / 0800-0935 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com term) in the Arrhenius equation. In a similar way, the activation energy of polar reactions -in which the polarity is increased on going from ground to transition state -is supposed to be decreased [1] .
Over the last few years the use of ionic liquids as solvents/reaction media has received a substantial boost [2] . Ionic liquids are salts with a melting point below 100 • C. They have an ionic structure and generally consist of an organic cation and an inorganic or organic anion. This is why they have nearly no vapor pressure and thus offer a genuine alternative to organic solvents. When reactions were run in ionic liquids both a greatly increased reaction rate and a change in selectivities have been observed in several cases; these effects may be attributed to polar interactions between the ionic liquids and the substrates. Meanwhile a great number of reactions have been performed in ionic liquids [2] , many of them from the field of heterocyclic chemistry [3] . Also, numerous other classical transformations like the Knoevenagel condensation can be successfully performed in ionic liquids [4] . In domino reactions starting with a Knoevenagel condensation ionic liquids have been employed less often [5] . The significance which ionic liquids have gained in organic synthesis is not only due to their solvent properties but to their catalytic effects as well [6] . The best known ionic liquids are the imidazolium salts which have been successfully used as solvents or catalysts in numerous chemical transformations. In addition, there is a large number of other ionic liquids including guanidinium salts, which so far have been used in a small number of organic reactions [7] , including Heck [7b] and aldol reactions [7c] . Also, guanidinium cations have several properties predisposing them for applications in dyesensitized solar cells and as hydraulic fluids [8] . Due to their high polarity/high dielectricity constant ionic liquids can be efficiently heated up by microwave irradiation [9] . Hence, reactions in ionic liquids can benefit tremendously from microwave conditions. Natural products with a decahydro-2H,11H-naphtho [2,1-b] pyrano [3,4- e]pyran-11-one skeleton exhibit interesting biologic activities. These include pyripyropenes like the pyripyropene E (1), which Omura et al. isolated from a cultural broth of Aspergillus fumigatus FO-1289-2501 [10] . These compounds are potent inhibitors of acyl-CoA:cholesterol acyltransferase (ACAT). Inhibition of this enzyme, which accounts for the intracellular esterification of cholesterol, is a promising approach to the prevention of atherosclerosis. The phenylpyropene C (2), which was isolated from Penicillium griseofulvum F1959, has the same skeleton and is also a well-known ACAT inhibitor [11a]. In addition, it has been demonstrated that phenylpyropene C (2) inhibits both the JAK/STAT signal cascade [11b] in various cell lines und the diacylglycerol acyltransferase [11c] .
The underlying structural motif of all pyripyropenes and related natural products is the pyrano [4,3-b] pyran-5-one skeleton (Fig. 1 vitro [12] . Some tricyclic derivatives inhibit aldose reductase, a property which might prove useful in the prevention of diabetes [13] . In a series of papers Hua et al. also describe the in vitro and in vivo inhibition of the Alzheimer amyloid toxicity by tricyclic pyrones [14] . It has been demonstrated that pyrano [4,3-b] pyran-5-one and related structures can be efficiently formed via transformation of α,β -unsaturated aldehydes 3 with 6-substituted 4-hydroxy-2H-pyran-2-ones 4 under conventional reaction conditions [15] . It is assumed that in the presence of compounds like L-proline or piperidinium acetate a Knoevenagel condensation takes place initially. The resulting 1-oxatriene 5 usually cannot be isolated, but subsequently reacts in an electrocylic ring closure to form the 2H,5H-pyrano [4,3-b] pyran-5-one 6 (Scheme 1). In a previous paper we demonstrated that the reaction between the 6-methyl substituted 4-hydroxy-2H-pyran-2-one 4a and the aldehydes 3 can considerably be accelerated by using microwave irradiation at higher reaction temperatures [16] . Based on these findings we will here describe the transformation of the 6-phenyl substituted 4-hydroxy-2H-pyran-2-one 4b with the α,β -unsaturated aldehydes 3 under varying reaction conditions. The influence of reflux and microwave conditions as well as the impact of conventional solvents and ionic liquids on the outcome of the reactions will be addressed.
Results and Discussion
First, the reactions of 4-hydroxy-6-phenyl-2H-pyran-2-one (4b) with α,β -unsaturated aldehydes 3 were performed under reflux conditions. Best results with the domino Knoevenagel condensation/ 6π-electron electrocyclization were achieved when
1.1 equivalents of 4-hydroxy-6-phenyl-2H-pyran-2-one (4b) were refluxed with 1.0 equivalent of 3 in the presence of 50 mol-% β -alanine and calcium sulfate as dehydrating reagent in 2-propanol as a solvent (Scheme 2, Table 1 )
, 2-phenyl-2-butenal (3k) and 2-isopropyl-5-methyl-2-hexenal (3l) were selected as α,β -unsaturated aldehydes. By applying the experimental conditions described and with reaction times ranging from 30 min to 71 h the heterocycles 6a -l were isolated with yields from 10 to 77 %. Most of the reactions required only a few hours for completion and delivered the corresponding products in good to sufficient yields, except for the reactions with the aldehydes 3i and 3j which remained unsatisfactory (extremely long reaction times and very low product yields for 6i and 6j; Table 1 , entries 9 and 10). A comparison of the reactions of safranal (3i) and β -cyclocitral (3j) with the transformation of 1-cyclohexene-1-carboxaldehyde (3g) ( Table 1 , entry 7) suggests that the long reaction times and the low yields associated with 3i and 3j are probably due to steric hindrance.
A comparison between the transformations of the 6-phenyl-substituted 4-hydroxy-2H-pyran-2-one 4b and the 6-methyl-substituted 4-hydroxy-2H-pyran-2-one 4a reveals that 1) all reactions of 4b proceed faster than those of 4a and that 2) the reactions of 4b tend to provide lower yields than 4a [16] . The first effect can be put down to a higher reactivity of 4b. The second effect is due to a greater product loss upon chromatographic purification of 6a -l which in turn can probably be attributed to a lower product stability. To summarize, it was established that the transformations of 4-hydroxy-6-phenyl-2H-pyran-2-one (4b) and the α,β -unsaturated aldehydes 3 can be performed under reflux conditions providing a reliable access to 7-phenyl- 2H,5H-pyrano [4,3-b] pyran-5-ones and related heterocycles 6. The disadvantages include very long reaction times in combination with low yields that were observed in some cases. From our experience a considerable reduction of the reaction times was to be expected from microwaveassisted reactions. This is why the aldehydes 3j -l -as representative examples -were reacted with 4b under microwave conditions ( Table 2 ). The best results were obtained when the reactions were run in a sealed vial using a focused single-mode microwave reactor at 110 • C. Under these conditions it was unnecessary to add a dehydrating agent like calcium sulfate. As expected, applying microwaves as the energy source dramatically shortened the reaction times in some cases; the yields, however, could not be improved likewise. In detail, the reaction time needed for transforming 3j and 4b was decreased from 71 h to 3 h; however, the yield of 1H,7H-pyrano [4,3-b] chromen-1-one (6j) amounted to a mere 9 % (Table 1, entry 10 and Table 2 , entry 1). The reaction time for the domino reaction of 3k with 4b under microwave conditions was only marginally reduced, and the yield of 6k (31 %) was similar to that observed under reflux conditions (Table 1, entry 11 and Table 2 , entry 2). Microwave irradiation only paid off with the transformation of 3l and 4b by reducing the reaction time from 23.5 h (reflux conditions) to 1 h (microwave conditions; 110 • C) and at the same time increasing the yield of the 2H,5H-pyrano [4,3-b] pyran-5-one (6l) from 53 % (reflux conditions) to 63 % (microwave conditions; 110 • C) ( Table 1, entry 12 and Table 2 , entry 3).
For direct comparison between thermal and microwave conditions 3l and 4b were heated in a sealed vial at 110 • C using a preheated oil bath. After 1 h 6l could be isolated with 62 % yield -perfectly matching the yield of 6l under microwave conditions (63 %). This control experiment clearly demonstrates that -at least in this case -the advantage of microwave reactions in a sealed vial does not rely on using microwave irradiation as the energy source but rather on the use of a sealed vial that allows the reaction to be run at a higher pressure and temperature. Another objective of this study was to establish whether 1) traditional solvents like 2-propanol can be replaced by ionic liquids and 2) ionic liquids can be used as catalysts for the domino Knoevenagel condensation/6π-electron electrocyclization. For these studies the reaction of aldehyde 3l with 4b was selected as a model. First, 3l and 4b were reacted for 1 h at 110 • C in a sealed vial under microwave conditions in the presence of 50 mol-% β -alanine and several ionic liquids as the reaction media, namely each of the five 1-butyl-3-methyl-imidazolium salts 7a -e and each of the eight guanidinium salts 8 -14 (Fig. 2) . In general, using ionic liquids as solvents requires roughly about one third of the microwave power that is necessary for heating the reaction mixture in 2-propanol. The results obtained with the imidazolium salts 7a -e are presented in Scheme 3 and Table 3 ; details of the reactions with the guanidinium salts 8 -14 are given in Scheme 4 and Table 4 .
Reactions of 3l with 4b in the imidazolium salts 7a -e delivered 6l with yields ranging from 3 to 44 %. The best result (44 %) was obtained with [bmim]PF 6 Table 3 . (Table 3 , entries 3 -5). In conclusion, the classic solvent can be replaced by an imidazolium salt, but the yields are disappointingly low. Quite obviously, the anions of the ionic liquids exert a large influence on the outcome. We studied also whether the β -alanine which is necessary to bring about the initial Knoevenagel condensation of the domino process can be replaced by an ionic liquid. For this purpose aldehyde 3l and 4-hydroxy-2H-pyran-2-one 4b were heated for 5 h at 110
• C under microwave conditions in [bmim]BF 4 (7a) in the absence of β -alanine. 6l was isolated with 5 % yield, which renders this approach impractical. The influence of the decomposition observed under these reaction conditions was not further investigated.
With the guanidinium salts 8 -14 the transformations of 3l with 4b afforded 6l with yields between 6 und 47 % (Scheme 4, Table 4 ). The highest yield (47 %) was obtained with the guanidinium triflate 11 (Table 4 , entry 5). This single result cannot obscure the fact that the reactions in the remaining guanidinium salts (8 -10 and 12 -14) with yields of not more than 18 % were very unsatisfactory (Scheme 4, Table 4 ). And what is more, partial decomposition of the reaction mixtures occurred resulting in the formation of numerous unidentified side products. This se- riously hampered the work-up of the reaction mixtures by column chromatography. To summarize, the organic solvent in the model reaction can be replaced with a guanidinium salt as well, but except for one all these transformations produced very low yields. Without any further detailed experiments it cannot be established whether the yields of the reactions in guanidinium salts largely depend on their anions as was the case with the imidazolium salts.
Conclusion
It has been demonstrated that 7-phenyl-2H,5H-pyrano [4,3-b] pyran-5-ones and related heterocycles 6 can be efficiently synthesized in a domino process by reacting an α,β -unsaturated aldehyde 3 with 4-hydroxy-6-phenyl-2H-pyran-2-one (4b) in the presence of β -alanine and calcium sulfate as a dehydrating agent under conventional reflux conditions using 2-propanol as a solvent. Some of the reactions have also been studied under microwave conditions in a sealed vial. It was found that the transformations under microwave conditions benefit from reduced reaction times. Using the reaction of 3l with 4b as an example it was demonstrated that the domino process can also be performed in imidazolium und guanidinium salts as the solvents; the yields, however, cannot compare to the yields in ordinary organic solvents. With the imidazolium salts [bmim]X 7, a remarkable dependence of the yields on the nature of the anion was observed.
Experimental Section
General Commercial reagents were used without further purification. 4-Hydroxy-6-phenyl-2H-pyran-2-one (4b) was synthesized according to ref. [17] . All solvents were distilled prior to use. 2-Propanol was distilled from sodium. All microwave-assisted reactions were performed with a Discover TM single mode cavity microwave synthesizer (CEM Corp.) producing continuous microwave irradiation at 2450 MHz. Thin-layer chromatography (TLC) was performed on silica gel SIL G/UV 254 (Macherey-Nagel); compounds were visualized with UV light (λ = 254 nm) and/or immersion in KMnO 4 solution followed by heating. Flash chromatography was performed on silica gel 60 (0.040 -0.063 mm) (Baker). Melting points were determined on a B-545 melting point apparatus (Büchi) and are uncorrected. UV/Vis spectra were measured using a CARY 4E spectrometer (Varian). IR (ATR) spectra were taken on a Spectrum One instrument (Perkin Elmer). NMR spectra were recorded on Varian Unity INOVA spectrometers (300/75 MHz and 500/125 MHz, respectively) in CDCl 3 ; the 1 H and 13 C chemical shifts were referenced to residual solvent signals at δ H = 7.26 and δ C = 77.0 relative to TMS. Mass spectra (EI) were recorded on a MAT 8200 instrument (Finnigan MAT) with 70 eV ionization energy. Elemental analyses were carried out by F. Hambloch, Institut für Organische und Biomolekulare Chemie der Universität Göttingen.
Typical procedure for the synthesis of the 2H,5H-pyrano [4,3-b] pyran-5-ones (6) under reflux conditions using 2-propanol as a solvent 0.655 g (4.3 mmol) of 2-isopropyl-5-methyl-2-hexenal (3l), 0.879 g (4.7 mmol) of 4-hydroxy-6-phenyl-2H-pyran-2-one (4b), 0.189 g (2.1 mmol) of β -alanine, and 0.506 g (3.7 mmol) of anhydrous calcium sulfate were heated in 40 mL of dry 2-propanol under reflux under argon until complete consumption of the aldehyde 3 (TLC control). After cooling to r. t., the reaction mixture was diluted with 60 mL of water and 40 mL of methylene chloride. The aqueous layer was extracted three times with 20 mL of methylene chloride, and the combined organic layers were washed with 20 mL of a saturated sodium bicarbonate solution and 15 mL of brine, dried over magnesium sulfate, and concentrated in vacuo. The crude product was purified by flash chromatography on 140 g of silica gel (diethyl ether/petroleum ether = 1 : 3) to give 0.753 g (53 %) of pure 6l as a yellow oil.
Typical procedure for the synthesis of the 2H,5H-pyrano [4,3-b] pyran-5-ones 6j -l under microwave conditions using 2-propanol as a solvent A microwave glass vial (8 mL) with a magnetic stirring bar was heated to 150 • C for 8 h and cooled to room temperature under argon. The vial was charged with 43 mg (0.28 mmol) of 2-isopropyl-5-methyl-2-hexenal (3l), 60 mg (0.32 mmol) of 4-hydroxy-6-phenyl-2H-pyran-2-one (4b), 12 mg (0.13 mmol) of β -alanine, and 1 mL of 2-propanol, flushed with argon and sealed. The reaction mixture was heated to 110 • C until complete consumption of the aldehyde 3 (Table 2) , starting with 100 W. After reaching the final temperature the average radiation power was approx. 15 W. After cooling to r. t., 2 mL of water was added, and the reaction mixture was extracted five times with 5 mL of tert-butyl methyl ether. The combined organic layers were washed with 2 mL of brine and concentrated in vacuo. The crude product was purified by flash chromatography on 12.5 g of silica gel (diethyl ether/petroleum ether = 1 : 3) to give 57 mg (63 %) of 6l.
Typical procedure for the synthesis of (2RS)-2-isobutyl-3-isopropyl-7-phenyl-2H,5H-pyrano [4,3-b] pyran-5-one (6l) under microwave conditions using ionic liquids A microwave glass vial (8 mL) with a magnetic stirring bar was heated to 150 • C for 8 h and cooled to r. t. under argon. The vial was charged with 43 mg (0.28 mmol) of 2-isopropyl-5-methyl-2-hexenal (3l), 60 mg (0.32 mmol) of 4-hydroxy-6-phenyl-2H-pyran-2-one (4b), 12 mg (0.13 mmol) of β -alanine, and 1 g of the ionic liquid, flushed with argon and sealed. The reaction mixture was heated to 110 • C for 1 h, starting with 10 W. After reaching the final temperature the average radiation power was approx. 1 -5 W. After cooling to r. t., the reaction mixture was extracted five times with 5 mL of tert-butyl methyl ether and centrifuged for separation of the layers. With 7c -e, 8b, 13, and 14, 2 mL of water was added before extraction. The combined organic layers were concentrated in vacuo; if water had been added, washing with 2 mL of brine was necessary. The crude product was purified by flash chromatography on 12.5 g of silica gel, using a solvent gradient [petroleum ether/methylene chloride = 1 : 3 (50 mL) to methylene chloride (200 mL)] to give 6l in yields ranging from 3 to 47 % (see Tables 3 and 4) . For ionic liquids 7d, 10, and 14, the product was further purified by a second flash chromatography on 5.5 g of silica gel using methylene chloride as an eluent. The reaction mixtures containing 11 and 12 were directly applied onto 50 g of silica gel and separated using pure methylene chloride. (m, 1H, 5a-H), 6.32 (q, 4 J 9-H,8-H2 = 4 J 9-H,5a-H = 2.4 Hz, 1H, 9-H), 6.49 (s, 1H, 4-H), 7.42 -7.46 (m, 3H, 3 ′ -H, 5 ′ -H and 4 ′ -H), 7.78 -7.82 (m, 2H, 2 ′ -H and 6 ′ -H). 
